Gold particles supported on titanium dioxide (TiO 2 ) are known to activate many catalytic reactions. In this study, interface structure of gold on anatase was examined in the case on an anatase {101} surface, since the surface is the most important for several photocatalytic reactions. Anatase TiO 2 nanorods having clear washboard-like {101} outer surfaces were synthesized by using a double surfactants system. From high resolution electron microscopy observation for gold particle on the {101} surface, the (113) plane of gold was found to be parallel to the (101) 
Introduction
Semiconductor photocatalysis is an influential field that plays an important part in modern catalytic research. In particular, environmental applications of titanium dioxide (TiO 2 ) attract considerable attention in these decades as one of the most active photocatalysts. 1) Furthermore, by modification of TiO 2 with gold particles in a size range of a few nanometers, the modified TiO 2 were reported to be more active for many reactions at low temperature such as CO oxidation, propylene epoxidation and other reactions. 2, 3) Furthermore, higher photocatalytic properties were also reported such as photo-degradation of molecules, [4] [5] [6] in which the reactions are especially influenced of the gold particles. [7] [8] [9] [10] [11] The activity of the gold particles should depend on their structures, morphologies and also on their interfacial relations with respect to substrates.
For structural study of metal particles on TiO 2 , highresolution transmission electron microscopy (HR-TEM) is a powerful tool to analyze the size, shape and surface structure of metal particles which could be responsible to the catalytic performance. 12, 13) Many of the detailed structural experimental results found in the recent studies are on the rutile TiO 2 cases, 14, 15) because this TiO 2 form is the more stable one and easy to prepare electron-transparent TEM samples by thinning down a commercially available rutile TiO 2 single crystals. However, the wide-bandgap semiconductor TiO 2 exists usually in two polymorphic phases; anatase and rutile. Both are organized in tetragonal lattices but in different unit cells exhibiting different physical and chemical behavior. It is the anatase that plays often an essential role in a number of charge-separating events, 16) such as dye-sensitized solar cells, so that it is quite indispensable to study interfacial structures of gold particles on the anatase surfaces. In this light, some important structural studies on the gold particles on anatase surface have been performed so far. 17, 18) In those reports, gold particles were examined for their growth on the {110} and {112} surfaces of commercially available powdery anatase crystals. Lattice deformation of gold layers was concluded and an major epitaxial orientation, near (111) [01 1 1]Au == (112) [02 1 1]TiO 2 , was proposed for gold particles on these anatase TiO 2 surfaces. However, actual catalytic particles are usually shaped with various crystallographic surfaces so that it is desirable to analyze on the diverse interface structures for understanding of the activity. For example, there has been no reports on gold particles growth on the {101} surface of anatase TiO 2 , which is very important in dye-sensitized solar cells for accommodating efficiently a sensitizing dye through its carboxyl groups such as N719 dye of (Bu 4 N) 4 [Ru(dcbpy) 2 (NCS) 2 ]. 19) For an anode electrode of solar cells, anatase TiO 2 usually achieve a higher efficiency than rutile TiO 2 . 20,21) Lu et al. reported that the incident photo-to-electron conversion efficiency values were much higher on the anatase {101} surface than on the other anatase surfaces. 22) Therefore it is a most important surface for dye-sensitized solar cell.
Accordingly, in the present study, the interface structure of gold particles on the anatase {101} surface was examined. The aims of the present study are to know whether a regular interface is realized on the interface and what kind of crystallographic orientation relation is formed. This experiment became very easier owing to the success of a unique hydrothermal synthesis of anatase nanorods bounded with the {101} surfaces.
23)

Experimental
Nanorod TiO 2 was prepared by a sol-gel method using a hydrothermal process as described in the previous reports. 24, 25) The synthesized nanorods exhibit the anatase structure with 50-100 nm length and 20-30 nm width on an average, by using a double surfactants system of a blockcopolymer (F127) and cetyltrimethylammonium bromide in water. The nanorods have a tetragonal shape on the whole with their long axis of crystal along the h001i direction of anatase and the individual side surfaces of tetragonal rods are 26) so that the surface can be covered effectively with Grätzel dyes, exhibiting a high efficiency of light-to-electricity.
23) The washboard composed of {101} surfaces provide a nice opportunity to examine crystallographic orientation of gold particles on the {101} of anatase. Gold particles of 2-5 nm in size were deposited on the surfaces of TiO 2 nanorods by vacuum-evaporation under a vacuum of 10 À4 Pa at room temperature. The particle shape of gold, their orientation on the substrate and the growth mechanism were examined by HR-TEM in addition to 3D TEM imaging and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) in a plane-view and an edge-view imaging associated with a multislice image simulation using the Win HREM v. 3.0 software package. 27) An electron microscope used in this study was a TEM/STEM JEM-2200FS operated at 200 kV. HAADF-STEM images were collected over scattering angles from 50 mrad to 170 mrad. The 3D image was reconstructed by IMOD3D using tomography method by taking 120 TEM images tilted every 0.5 degrees. Figure 1 shows typical TiO 2 nanorods observed by TEM, where the gold particles with diameter less than 5 nm are dispersed almost evenly on TiO 2 nanorods. A typical washboard structure is shown in Fig. 2 . The washboard structures are observed clearly on every surfaces by taking snapshots in 3D image. The terrace size of individual (101) surface seems to be not so large there, and it is varied from a nanorod to a nanorod. The surfaces are considerably clean and sharp for a material synthesized through a liquid reaction. When an incident electron beam was set along the TiO 2 [010] zone axis, parallel to edge surfaces of TiO 2 , the image indicates that TiO 2 nanorod has a well-ordered flat surfaces which are composed almost of the (101) (101) and ( 1 101) planes. Therefore, edge surfaces are composed of the {101} planes that realize higher conversion efficiency value for photocatalytic activity like dye-sensitized solar cells. Figure 3 shows the deposited gold particles with a brighter contrast by HAADF-STEM. Intensities in the HAADF-STEM image are directly related to the atomic number at the irradiated area of sample, Z-contrast, so that gold particles appear with higher intensity due to their higher atomic number than TiO 2 . As one can see here again, the edge surfaces of the TiO 2 nanorods are quite sharp, since the gold particles deposited on the side edges seem to be adsorbed on flat planes. One can observe the deposited gold particles on TiO 2 {101} surfaces from an edge-view and also from a plane-view. However, for further analysis, HR-TEM was adopted rather than HAADF-STEM, because of easiness of the former method in crystal orientation analysis.
Results and Discussion
Firstly the plane-view projection in HR-TEM was carried out, but this method could not be suitable to analyze the interface of Au/TiO 2 . A typical image by plane-view is shown in Fig. 4(a) , where the electron beam was transmitted nearly along the [11 1 1] of anatase TiO 2 (Fig. 4(c) (Fig. 4(b) ). However, such relationship was not observed in this case as well as the other gold particles, suggesting another interfacial relation on the TiO 2 {101} surfaces. Practically it was difficult to determine a relationship of structures between gold nanoparticle and TiO 2 nanorod from the plane-view imaging, since the gold particles are very small to adjust their orientation with respect to the TiO 2 surface. Therefore, the edge-view imaging was performed as shown in Fig. 5 . These HR-TEM images were taken nearly along the [010] direction of TiO 2 , parallel to the {101} surfaces. As can been seen for gold crystallites, the electron did not transmit along a specific crystallographic low index direction of gold, but deviated slightly from that. Although there observed a little distortion of gold lattice, probably due to a size effect in addition to an effect of electron beam irradiation, we do not go further on this issue of lattice distortion, since it is not so large amount in the present case. Because of the edge projection, some gold particles are overlapped in these TEM images, but a particular orientation relation was extracted from images; that is, the (101) of TiO 2 makes an averaged angle of about 29 with respect to the (111) of gold as indicated in the images. This means that a certain crystallographic relation should be considered at the gold particles on the {101} surfaces of TiO 2 . By noticing the fact that the (113) plane of gold makes angle of 29.4 with its (111), the (113) of gold is most probably considered to be parallel to the (101) surface of TiO 2 ; a planar epitaxial relation of (311)Au == (101)TiO 2 .
Finally an interface structure is discussed from a lattice matching for the case of (311)Au == (101)TiO 2 . In order to examine such an interfacial relation, both crystals of gold and TiO 2 were rotated to find any particular crystallographic relation under a constraint that (311)Au == (101)TiO 2 . The most probably interface we found is shown in Fig. 6 , where a lattice matching is excellent; the (200) planes of Au coincide nicely with the (113) planes of TiO 2 on their spacing and parallel alignment, resulting into a high interfacial stabilization in the lattice-lattice interaction. For the crystals of gold and TiO 2 in Fig. 6 , the projection directions are the [03 1 1] and the [ 3 31 1 1], respectively. Figure 6 does not correspond directly to the HR-TEM images in Fig. 5 , but the projection should be rotated about 35 around the vertical axis in Fig. 6 to coincide with the HR-TEM projections of TiO 2 in Fig. 5 . The important point here is that the (200)Au == (113)TiO 2 , indicating an epitaxial growth of gold on the {101} surface of TiO 2 under a lattice matching mechanism. On the other words, the lattice misfit is excellently small between these plans as listed in Table 1 ; that is, better than the already reported misfit of (111)Au == (112)TiO 2 . The misfit value is known to be a dominant factor in epitaxy by point-on-line coincidence. [28] [29] [30] and by the equivalent coincidence in reciprocal lattice point. 31, 32) These two coincidence models are equivalent in principle, but different presentation in the real space or the reciprocal one. Hoshino et al. [28] [29] [30] examined the firstly growing epitaxial monolayer with respect to a substrate surface by scanning tunneling microscopy and concluded that a depositing lattice is deformed slightly from the stable bulk one so as for the growing lattice to match its spacing to a surface spacing and to gain a stabilization energy through the lattice-lattice interaction. The distortion could be minimized, when a lattice of a bulk crystal (non-deformed) is similar in spacing with that of the substrate. In the The table lists only the cases of lower misfit values, and the smallest misfit, the most stable interface in term of lattice-lattice interaction, is realized in the present lattice matching of (311)Au == (101)TiO 2 and the secondly small value is in the previously reported case of (111)Au == (112)TiO 2 on the {110} and {112} surfaces of anatase TiO 2 . Then clean epitaxial interface can be concluded to be originated from the lattice matching mechanism, even though the size of surface area is rather limited in some terraces of {101}. As the cases of small crystals formed at liquid-solid interfaces, 33, 34) the lattice-lattice interaction could control almost the orientation of deposited crystals even at a limited area.
A charge distribution between the TiO 2 and metal nanoparticles may cause particular changes in electronic state at the surface, such as the Fermi level to shift.
35) The present definite epitaxial growth of gold on the TiO 2 anatase {101} (111) of Au is nearly the same. 
Conclusions
Gold nano-particles supported on TiO 2 are known to activate many catalytic reactions at low temperatures. In this study, interface structures of gold particles were examined in the case on anatase {101} surface. Nanorod TiO 2 particles synthesized in the present study exhibit the anatase structure. The nanorods have a tetragonal shape on the whole with their long axis along the h001i direction and an individual side surface is formed with clear washboard-like {101} surfaces. From high resolution electron microscopy observation on the interface between gold particles and the TiO 2 , the (113) plane of gold was found to be parallel to the (101) surface of TiO 2 . Such an epitaxy is considered to be originated from the axial and planar orientations of [ 03 1 
